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CATALYTIC GAS PHASE OXIDATION
REACTION

BACKGROUND OF THE INVENTION

A. Technical Field

The present invention relates to a catalytic gas phase
oxidation reaction. Specifically, the present invention relates
to a catalytic gas phase oxidation reaction with molecular
oxygen or a molecular-oxygen-containing gas by using a
fixed-bed multitubular reactor packed with catalysts.

B. Background Art

In cases where, 1n the catalytic gas phase oxidation
reactions with the molecular oxygen or the molecular-
oxygen-containing gas by using the fixed-bed multitubular
reactor packed with catalysts, (A) at least one compound
selected from the group consisting of propylene, 1sobuty-
lene, t-butyl alcohol, and methyl t-butyl ether 1s used as a
raw material to produce an unsaturated aldehyde corre-
sponding to the raw material, (B) an unsaturated aldehyde 1s
used as a raw material to produce an unsaturated carboxylic
acid corresponding to the raw matenial, and (C) at least one
compound selected from the group consisting of propylene,
1sobutylene, t-butyl alcohol, and methyl t-butyl ether 1s used
as a raw material to produce an unsaturated carboxylic acid
corresponding to the raw material, then these catalytic gas
phase oxidation reactions are accompanied with extremely
exothermic reactions, so a local portion having an extraor-
dinarily high temperature (which may hereinafter be referred
to as “hot spot portion™) occurs 1n a catalyst layer.

When the hot spot portion has a high temperature, the
catalyst excessively causes the oxidation reaction at this hot
spot portion, thus lowering the yield of the objective prod-
uct, and, 1n the worst case, the catalyst causes a runaway
reaction. A catalyst as located at the hot spot portion 1s
exposed to the high temperature, and therefore there is
accelerated the deterioration of the catalyst, such as changes
of physical properties and chemical properties of the catalyst
to result 1n lowering its activity and the selectivity of the
objective product. Particularly, in the case of a molybde-
num-contaimng catalyst (e.g. a molybdenum-bismuth-iron-
contaiming catalyst, a molybdenum-vanadium-containing
catalyst; hereinafter the same), the composition and prop-
erties of the catalyst tend to change due to sublimation of the
molybdenum component, and therefore the deterioration
extent of the catalyst 1s large.

The above problems are more striking in the case of
carrying out the reaction with the gas pressure (heremafter,
the gas pressure refers to a “gas pressure at the gas outlet of
cach reaction tube in the fixed-bed multitubular reactor”.)
made high and 1n the case of carrying out the reaction with
the space velocity made large, or with the concentration of
the raw material gas made high, for the purpose of enhanc-
ing the productivity of the objective product.

The above problems are explained again below. I atten-
tion 1s directed to the entirety of the catalyst layer as packed
in the reaction tube, then the catalyst as located at the hot
spot portion causes the oxidation reaction excessively, and
besides, this catalyst 1s more rapidly deteriorated than cata-
lysts as located at the other portions. Particularly 1n longtime
use, the yield of the objective product 1s greatly lowered, so
its production can be difficult to stably carry out.

In order to cope with such problems, there 1s proposed a
process 1n which it 1s arranged that the size (occupation
volume) of a catalyst packed 1 a reaction tube should
become smaller 1n order from the side of the inlet of such as
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raw material gas toward the outlet side (e.g. refer to patent
documents 1 and 2 below). There are also its examples
industrially carried out.

In addition, there are proposed: a process which 1nvolves
lowering the supporting ratio of an active component of a
catalyst packed on the side of the inlet of such as raw
material gas (e.g. refer to patent document 3 below); and a
process which mvolves packing a catalyst of which the
activity has been lowered by adding an alkaline metal (e.g.
refer to patent document 4 below).

[Patent Document 1] JP-B-084400/1995 (Kokoku)
[Patent Document 2] JP-A-241209/1997 (Kokai)
[Patent Document 3] JP-A-010802/1995 (Kokai)
|Patent Document 4] JP-A-336060/2000 (Kokai).

However, 1n view of high levels (e.g. high gas pressure
conditions) required by recent years’ technological progress
in point of enhancing the productivity of the objective
product, even such prior processes still would not be said to
be suflicient to suppress the thermal accumulation (rise of
temperature) at the hot spot portion. In addition, even 11 the
use of a catalyst of a larger size (occupation volume) 1s
necessary for making the catalytic activity i a predeter-
mined reaction zone come in a lower range, there 1s a
limitation on the size (length) of the tube diameter of each
reaction tube. Therefore, for example, i an attempt 1s made
to pack a catalyst of which the maximum particle diameter
1s slightly smaller than the tube diameter, then there 1s a case
where the reaction tube could be unfavorably brnidged
(clogged up) with this catalyst anywhere 1nside the reaction
tube. In such a case, for example, 1t 1s diflicult to even out
the packing amounts of the catalyst 1n all reaction tubes, so
that the yield of the objective product 1s greatly decreased,
or that 1ts quality 1s widely dispersed.

SUMMARY OF THE

INVENTION

A. Object of the Invention

Thus, an object of the present invention 1s to provide a
catalytic gas phase oxidation reaction with molecular oxy-
gen or a molecular-oxygen-containing gas by using a fixed-
bed multitubular reactor packed with catalysts, in which:
even under reaction conditions of a higher gas pressure, a
higher concentration of the raw material gas and a larger
space velocity of a reaction gas, the thermal accumulation at
the hot spot portion can be sufliciently suppressed with ease
and at low costs, so that the reaction can be continued for a
long time while a high yield 1s maintained.

B. Disclosure of the Invention

The present inventors diligently studied in order to solve
the above problems. As a result, they have found out that: if,
in the case of trying to adjust the catalytic activity 1n a
predetermined reaction zone (particularly, on the gas-inlet
side) 1n order to suppress the thermal accumulation at the hot
spot portion, catalysts having different occupation volumes
(s1zes) are used as conventional and mixed with an inert
substance molding (e.g. particles) to dilute the catalyst
concentration, then the catalytic activity can be easily and
accurately adjusted, without even causing the aforemen-
tioned problems, even to a range to which the catalytic
activity cannot be adjusted by conventional methods. In
addition, 1f the catalysts having different occupation vol-
umes are prepared to the smallest necessary number of
kinds, then the joint use of the inert substance molding
makes it possible to set and adjust the catalytic activity, even
industrially with ease and at low costs and further in rich
variety, even to a subtle range to which the catalytic activity
cannot be adjusted by only the occupation volume. The
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present inventors actually carried out the production of the
unsaturated aldehyde and/or unsaturated carboxylic acid by
utilizing such points excellent in hardware aspects. As a
result, they have succeeded in confirming that: even in a
reaction under conditions of a higher gas pressure, a higher
concentration ol the raw material gas and a larger space
velocity of a reaction gas (such a reaction has hitherto had
an aspect of being diflicult to controll), the thermal accu-
mulation at the hot spot portion can be sufliciently sup-
pressed, so that the reaction can be continued for a long time
while the deterioration of the catalyst 1s suppressed to thus
maintain a high yield.

The present invention has been completed on the basis of
the above findings.

Incidentally, as another techmique for suppressing the
thermal accumulation at the hot spot portion, there i1s pro-
posed a process 1n which a catalyst packed 1n a reaction tube
1s diluted with an inert material to thereby arrange that the
activity should become higher continuously or stepwise
from the gas-inlet side toward the gas-outlet side (e.g.
JP-B-030688/1978 (Kokoku)). However, the catalytic gas
phase oxidation reaction according to the present invention
1s not based on such a concept that the thermal accumulation
at the hot spot portion 1s suppressed by making the dilution
with the inert material and thereby providing the catalytic
activity with a gradient. In detail, since the catalytic gas
phase oxidation reaction according to the present mnvention
stands on the assumption of a concept that the catalytic
activity 1s provided with a gradient by stepwise packing the
catalyst particles having different occupation volumes and
since the catalytic gas phase oxidation reaction according to
the present invention adds a technique of the dilution with
the inert material further to the techmique (based on the
above concept) as a means for making this technique (based
on the above concept) cope with the aforementioned higher
degree of reaction conditions, the catalytic gas phase oxi-
dation reaction according to the present invention 1s not
based on the concept that the catalytic activity 1s provided
with a gradient by the dilution with the inert material.

A catalytic gas phase oxidation reaction according to the
present invention 1s a catalytic gas phase oxidation reaction
with molecular oxygen or a molecular-oxygen-containing,
gas by using a fixed-bed multitubular reactor packed with
catalysts; with the catalytic gas phase oxidation reaction
being characterized 1n that: a catalyst-packed layer of each
reaction tube of the reactor 1s divided into at least two
reaction zones 1n a tubular axial direction; and the packing
of the catalysts 1s such that the occupation volumes of the
catalysts difler between at least two of the reaction zones and
that an inert substance molding 1s mixed 1n at least one of the
reaction zones.

The above occupation volume of the catalyst refers to a
volume of a space occupied by each catalyst particle when
the catalyst 1s packed in the catalyst-packed layer of each
reaction tube.

C. Eftects of the Invention

The present invention can provide a catalytic gas phase
oxidation reaction with molecular oxygen or a molecular-
oxygen-containing gas by using a fixed-bed multitubular
reactor packed with catalysts, 1n which: even under reaction
conditions of a higher gas pressure, a higher concentration
of the raw material gas and a larger space velocity of a
reaction gas, the thermal accumulation at the hot spot
portion can be sufliciently suppressed with ease and at low
costs, so that the reaction can be continued for a long time
while a high yield 1s maintained.
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In addition, the catalytic gas phase oxidation reaction
according to the present invention can be utilized for a
process for production of an unsaturated aldehyde and/or
unsaturated carboxylic acid under various conditions and
can achieve the stabilization of the yield of the unsaturated
aldehyde and/or unsaturated carboxylic acid for a long time,
the enhancement of the yield of the unsaturated aldehyde
and/or unsaturated carboxylic acid, and the maintenance of
the catalyst life time even under reaction conditions other
than reaction conditions of a higher gas pressure, a higher
concentration ol the raw material gas and a larger space
velocity of a reaction gas.

These and other objects and the advantages of the present
invention will be more fully apparent from the following
detailed disclosure.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Hereinatter, detailed descriptions are given about the
catalytic gas phase oxidation reaction according to the
present invention (which may hereinafter be referred to as
catalytic gas phase oxidation reaction of the present mnven-
tion). However, the scope of the present invention 1s not
bound to these descriptions. And other than the following
illustrations can also be carried out 1n the form of appropri-
ate modifications of the following illustrations within the
scope not departing from the spirit of the present invention.

It 1s mmportant that the catalytic gas phase oxidation
reaction of the present immvention has the aforementioned
technical features in the catalytic gas phase oxidation reac-
tion with molecular oxygen or a molecular-oxygen-contain-
ing gas by using a fixed-bed multitubular reactor packed
with catalysts.

As the catalytic gas phase oxidation reaction of the
present invention, specifically, there are preferred the fol-
lowing: (A) a catalytic gas phase oxidation reaction 1n which
at least one compound selected from the group consisting of
propylene, 1sobutylene, t-butyl alcohol, and methyl t-butyl
cther 1s used as a raw material to produce an unsaturated
aldehyde (favorably, acrolein) corresponding to the raw
material; (B) a catalytic gas phase oxidation reaction in
which an unsaturated aldehyde 1s used as a raw matenal to
produce an unsaturated carboxylic acid corresponding to the
raw material (favorably, a catalytic gas phase oxidation
reaction 1 which acrolein 1s used as a raw material to
produce acrylic acid); and (C) a catalytic gas phase oxida-
tion reaction 1n which at least one compound selected from
the group consisting of propylene, 1sobutylene, t-butyl alco-
hol, and methyl t-butyl ether 1s used as a raw matenal to
produce an unsaturated carboxylic acid (favorably, acrylic
acid) corresponding to the raw material.

The catalyst usable 1n the present immvention may be a
molded type catalyst as obtained by molding a catalytic
component alone 1nto a definite shape, or a supported type
catalyst as obtained by supporting a catalytic component on
any 1nert support having a definite shape, or a catalyst
comprising a combination of these molded type catalyst and
supported type catalyst, thus not limited.

As the above catalytic component which 1s used for the
catalyst usable 1n the present invention, there are favorably
used the following oxides and/or composite oxides.

When at least one compound selected from the group
consisting of propylene, 1sobutylene, t-butyl alcohol, and
methyl t-butyl ether 1s used as a raw material to produce an
unsaturated aldehyde and/or unsaturated carboxylic acid
corresponding to the raw material, then any catalytic com-
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ponent 1s usable 1f 1t 1s a catalytic component possible to
produce the unsaturated aldehyde and/or unsaturated car-
boxylic acid corresponding to the following raw maternal by
a catalytic gas phase oxidation reaction in which, as the
above raw material, there 1s used the at least one compound
selected from the group consisting of propylene, 1sobuty-
lene, t-butyl alcohol, and methyl t-butyl ether. However, for
example, there 1s favorably used an oxide and/or composite
oxide of a general formula (1) below:

Mo, W ,Bi Fe A B,C D,0, (1)
(where: Mo 1s molybdenum; W 1s tungsten; Bi1 1s bismuth;
Fe 1s 1iron; A 1s at least one element selected from among
cobalt and nickel; B 1s at least one element selected from
among boron, phosphorus, chromium, zinc, niobium, tin,
antimony, cerium, and lead; C 1s at least one element
selected from among alkaline metals; D 1s at least one
clement selected from among silicon, aluminum, titanium,
and zirconium; and O 1s oxygen; and further, a, b, ¢, d, e, 1,
g, h, and x denote atomic ratios of Mo, W, Bi, Fe, A, B, C,
D, and O respectively; and, 1n the case of a=12, the follow-
ing are satisfied: 0=b=5;0.1=¢c=10;0.1=d=10; 1 £2e=20;
0=1=5; 0.001 =g=3; and 0=h=100; and x 1s a numerical
value as determined by the oxidation state of each element).

When an unsaturated aldehyde 1s used as a raw material
to produce an unsaturated carboxylic acid corresponding to
the raw matenal, then any catalytic component 1s usable 1
it 1s a catalytic component possible to produce the unsatur-
ated carboxylic acid corresponding to the following raw
material by a catalytic gas phase oxidation reaction in which,
as the above raw material, there i1s used the unsaturated
aldehyde. However, for example, there 1s favorably used an
oxide and/or composite oxide of a general formula (2)
below:

MD{IVE?WCAJBEC f]:) gEh OJ-: (2)

(where: Mo denotes molybdenum; V denotes vanadium; W
denotes tungsten; A denotes at least one element selected
from among antimony and tin; B denotes at least one
clement selected from among copper and 1ron; C denotes at
least one element selected from among magnesium, calcium,
strontium, and barium; D denotes at least one element
selected from among titanium, zirconium, and cerium; E
denotes at least one element selected from among alkaline
metals; and O denotes oxygen; and further, a, b, ¢, d, e, 1, g,
h, and x denote atomic ratios of Mo, V, W, A, B, C, D, E, and
O respectively; and, 1n the case of a=12, the following are
satisfied: b=2-14; ¢c=0-12; d=0-5; e=0-6; 1=0-3; g=0-10;
and h=0-3; and x 1s a determined by the oxidation state of
cach element).

The oxide and/or complex oxide of the above general
formula (1) or (2) can be produced by hitherto publicly

known Proccssces.

There 1s no limitation on the starting materials for obtain-
ing the above catalytic components. Ammomum salts,
nitrates, carbonates, chlorides, sulfates, hydroxides, organic
acid salts, and oxides of metal elements as generally used for
this kind of catalyst, or a mixture of these, may be used in
combination. However, the ammonium salts and nitrates are
tavorably used.

A mixed liquid of the starting materials (starting-materi-
als-mixed liquid) may be prepared by processes as generally
used for this kind of catalyst. For example, the above starting,
materials are mixed into water 1n order, thereby forming an
aqueous solution or slurry. In the case where at least two
aqueous solutions or slurries are prepared according to the
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kinds of the starting matenials, these aqueous solutions or
slurries may be mixed together in order. There 1s no limi-
tation on the conditions for the mixing (¢ g. mixing order,
temperature, pressure, and pH) of the starting materials.

The prepared mixed liquid of starting materials 1s dried by
various methods, thus forming a dried material (which may
be referred to as catalyst precursor; hereinafter the same).
Examples of the above methods include: a drying method by
heating; and a drying method under reduced pressure. Above
all, as to the heating method for obtaining the dried material
and as to the form of the dried matenal, for example, a
powdery dried material may be obtained with such as a spray
dryer and a drum dryer, or a blockish or flaky dried material
may be obtained by heating under a gas stream with such as
a box-type dryer or a tunnel-type dryer. In addition, in the
heating method for obtaining the dried matenal, there 1s also
a case where: the mixed liquid of starting materials 1s
evaporated to dryness (concentrated to dryness) to obtain a
cake solid, and then this solid 1s further heat-treated 1n the
above way. On the other hand, as to the drying method under
reduced pressure and as to the form of the dried matenal, for
example, a blockish or powdery dried material may be
obtained with such as a vacuum dryer.

The resultant dried material 1s transierred to the subse-
quent molding step after having, 11 necessary, been subjected
to a pulverization step and/or a classification step for obtain-
ing a powder having appropriate particle diameters. In
addition, before being transierred to the molding step, the
resultant dried material may be calcined.

The method for molding the catalysts 1s free of especial
limitation 11 this method 1s a method that can form particu-
late catalysts (including the supported type catalysts) of
desired shapes. Hitherto publicly known methods are adopt-
able. Examples therecof imnclude a tumbling granulation
method, an extrusion-molding method (extrusion-molding
machine), a tabletting method, Marumerizer method, an
impregnating method, an evaporation-to-dryness method,
and a spraying method.

In the molding step, such as a liquid binder can be used
for molding the dried material (as a catalytic-component
precursor) (including supporting the dried material onto the
support).

Incidentally, for obtaining the catalysts as used in the
present invention, there can be adopted, besides the afore-
mentioned production methods, another method 1n which:
the starting-materials-mixed liquid 1s used 1n the form lett as
it 1s a liquid without drying it; and this liquid 1s made to be
absorbed by a desired support or coated thereto, thereby
supporting the catalytic components onto the support (e.g.
evaporation-to-dryness method or spraying method).
Accordingly, examples of the method for supporting the
catalytic components onto the support include, besides the
aforementioned method 1n which the dried material 1s sup-
ported, another method in which the starting-materials-
mixed liquid 1tself 1s supported.

There 1s no especial limitation on the above liquid binder.
However, 1t 1s possible to use binders as generally used for
molding and supporting this kind of catalyst. Specific
examples of the usable binders include water, and besides,
the following other binders: organic compounds (e.g. eth-
ylene glycol, glycerin, propionic acid, benzyl alcohol, pro-
pyl alcohol, polyvinyl alcohol, and phenol); nitric acid; and
silica sol. In addition, these may be used either alone
respectively or 1n combinations with each other.

When the catalysts usable in the present mvention are
obtained, then 1t 1s possible to use various substances (e.g.
molding assistants capable of enhancing the moldability;
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reinforcements for enhancing the catalyst strength; and
pore-forming agents for forming adequate pores in the
catalyst) as generally used for the purpose of these eflects 1n
the production of catalysts. Examples of these various
substances include stearic acid, maleic acid, ammonium
nitrate, ammonium carbonate, graphite, starch, cellulose,
silica, alumina, glass fibers, silicon carbide, and silicon
nitride. Favorable are substances of which the addition does
not have bad influence on the catalytic performances (e.g.:
activity; selectivity of the objective product). These various
substances can be used, for example, by adding them to such
as the above liquid binder or starting-materials-mixed liquid
or 1ts dried material to mix them together. In the case where
the amount of the above substances as added 1s 1n excess, the
physical strength of the catalyst 1s occasionally remarkably
lowered. Therefore 1t 1s favorable to add them 1n such an
amount as does not lower the physical strength of the
catalyst to such an extent that the catalyst cannot be prac-
tically used as an industrial catalyst.

There 1s no limitation on the shape of the catalyst usable
in the present invention, and the shape may be any shape of
such as a spherical shape and a colummnar shape (pellet
shape). Above all, however, the spherical shape and the
columnar shape are favorable. The shape of the above
catalyst may be a shape further having a hole and 1s therefore
not limited. In the case of the shape further having a hole, the
hole may be either a penetrated shape (ring shape) or a
concave shape with a bottom, but the penetrated hole 1s
tavorable. Needless to say, for example, 1n the case of the
spherical shape, it does not need to be a true sphere, but may
be a substantially spherical shape. In this respect, the case of
the columnar shape 1s also similar as to such as 1ts sectional
shape. Incidentally, 1n the case of the spherical shape, if 1t 1s
a true sphere, then the diameter of this sphere 1s treated as
the diameter D of the corresponding spherical catalyst and,
if the above spherical shape 1s not a true sphere, then the
average value of the longest outer diameter and the shortest
outer diameter 1s treated as the diameter D of the corre-
sponding spherical catalyst. In the case of the columnar
shape, 11 1ts cross section 1n the direction vertical to the axis
(circular axis) has a true circular shape, then the diameter of
this true circle 1s treated as the diameter D of the section of
the corresponding columnar catalyst and, 1f the above cross
section of the columnar shape 1s not a true circular shape,
then the average value of the longest outer diameter and the
shortest outer diameter 1s treated as the diameter D of the
section of the corresponding columnar catalyst.

Incidentally, 1n the catalytic gas phase oxidation reaction
of the present invention, it 1s basically arranged that an
identical reaction tube should be packed with substantially
uniform catalysts as obtained by preparation under set
conditions where the resultant catalysts can have the same
shape and the same size. As to the shape of the catalyst, this
shape 1 each reaction zone may be either 1identical with or
different from that in another reaction zone (e.g. gas-inlet
side: spherical catalyst, and gas-outlet side: columnar cata-
lyst). However, 1t 1s favorable to pack the catalysts of the
same shape 1n all the reaction zones.

The “occupation volume” of the catalyst, as referred to in
the catalytic gas phase oxidation reaction of the present
invention, means a space volume occupied by every one of
catalysts (catalyst particles) packed in the catalyst-packed
layer (1in detail, each reaction zone) of each reaction tube.
Incidentally, the occupation volumes of the catalysts (cata-
lyst particles) are determined by the below-mentioned cal-
culation equation according to their shapes. However, 1in the
present invention, when the occupation volumes of the
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catalysts being packed into a predetermined reaction zone
are calculated, they are defined as being determined in the
following way: the diameters D and lengths L of all of 100
pieces sampled at random from the catalysts being packed
into that reaction zone are beforehand actually measured to
calculate their respective average values, and then these
average diameter and length are regarded as the diameters D
and lengths L of the catalysts being packed into that the
reaction zone, thus determining the occupation volumes of
those catalysts. This definition 1s stmilarly applied also to the
below-mentioned detailed description of Examples of some
preferred embodiments.

In the case where the catalyst has the spherical shape, its
occupation volume (V) can be represented by the following
equation:

V(mm?>)=(4/3)xnx(D/2)>

(wherein D (mm) represents the diameter of the spherical
catalyst).

Therefore, i the case of the spherical catalyst, the cata-
lysts having different occupation volumes can be prepared
by changing the diameter D of the above spherical catalyst.

In the case where the catalyst has the columnar shape, its
occupation volume (V) can be represented by the following
equation:

V(mm?)=nx(D/2)*xL

(wheremn: D (mm) represents the diameter of the circular
section of the columnar catalyst; and L. (mm) represents its
axial length).

Therefore, 1 the case of the columnar catalyst, the
catalysts having diflerent occupation volumes can be pre-
pared by changing the diameter D and/or length L of the
above columnar catalyst.

In the catalytic gas phase oxidation reaction of the present
invention, it 1s assumed that, even 11 the shape of the catalyst
being used 1s the aforementioned shape further having a
hole, there 1s no influence on the occupation volume of the
above catalyst. The size of the hole (i.e. hole diameter, hole
depth, hole volume, etc.) can be set at any value.

As to the above spherical or columnar catalyst, neither of
its diameter D and length L 1s limited. However, both are
favorably within the range of 3 to 15 mm, more favorably 4
to 10 mm. When the diameter D and the length L are less
than 3 mm, there 1s a possibility that the catalyst particles
may be too small, so the temperature of the hot spot portion
may tend to rise. When the diameter D and the length L
exceed 15 mm, there 1s a possibility that the catalyst
particles may be too large, so the packing into each reaction
tube may be diflicult. As to the columnar catalyst, particu-
larly the length L 1s favorably 0.5 to 2.0 times, more
favorably 0.7 to 1.5 times, as long as the diameter D.

In the case where the catalyst used for the catalytic gas
phase oxidation reaction of the present mvention 1s the
supported type catalyst, any support 1s usable without limi-
tation on such as i1ts material 1f that support 1s a support
usually usable when catalysts for catalytic gas phase oxida-
tion reactions are produced. Examples of such a support
include supports of definite shapes including such as alu-
mina, silica, silica-alumina, titania, magnesia, silica-magne-
s1a, silica-magnesia-alumina, silicon carbide, silicon mitride
and zeolite. As to the case where the shape of the catalyst 1s
the aforementioned shape further having a hole, 1t 1s enough
to use a support having a hole.

In the case of the supported type catalyst, the supporting
ratio of the catalytic component 1s determined appropriately
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so that the optimum activity and selectivity can be obtained
with consideration given to such as: oxidation reaction
conditions; and activity and strength of the catalyst. How-
ever, the supporting ratio 1s favorably within the range of 5
to 95 mass %, more favorably 20 to 90 mass %. Incidentally,
in the catalytic gas phase oxidation reaction of the present
invention, the supporting ratio of the catalytic component
may be either i1dentical or different between the catalyst
being packed 1n each reaction zone and that being packed in
another reaction zone, thus not limited. Hereupon, the sup-
porting ratio 1s defined as a value determined by the fol-
lowing equation.

Supporting ratio (mass %)=[(mass (g) ol catalyst
obtained-mass (g) of support used)/mass (g) ol catalyst
obtained |x100

There 1s no limitation on the heat-treatment conditions
(so-called calcination conditions) during the preparation of
the catalyst, either. Applicable are calcination conditions
which are generally adopted in the production of this kind of
catalyst. The heat-treatment temperature 1s favorably within
the range of 350 to 650° C., more favorably 400 to 600° C.,
in the case of the catalyst used when at least one compound
selected from the group consisting of propylene, 1sobuty-
lene, t-butyl alcohol, and methyl t-butyl ether i1s used as a
raw material to produce an unsaturated aldehyde and/or
unsaturated carboxylic acid corresponding to the raw mate-
rial. In addition, the heat-treatment temperature 1s favorably
within the range of 300 to 500° C., more favorably 350 to
450° C., 1n the case where an unsaturated aldehyde 1s used
as a raw material to produce an unsaturated carboxylic acid
corresponding to the raw material. The heat-treatment time
1s favorably within the range of 1 to 24 hours, more
tavorably 3 to 12 hours. Incidentally, in the catalytic gas
phase oxidation reaction of the present invention, the above
calcination conditions may be either 1dentical or different
between the catalyst being packed 1n each reaction zone and
that being packed 1n another reaction zone, thus not limited.

In the catalytic gas phase oxidation reaction of the present
invention, 1t 1s important that: the catalyst-packed layer of
cach reaction tube of the fixed-bed multitubular reactor
being used for the reaction 1s divided into at least two
reaction zones 1n a tubular axial direction; and the catalysts
are packed 1n each of these reaction zones 1n such a mode
that the aforementioned occupation volumes differ between
at least two of the above reaction zones; and an 1nert
substance molding 1s mixed in at least one of the above
reaction zones.

There 1s no limitation on the number of the reaction zones
in the catalyst-packed layer. However, industnally, 1t is
favorable to adjust this number to about 2 or about 3,
whereby the objective eflects can be obtained sutliciently. In
addition, as to the dividing ratio (ratio between catalyst-
packed layer lengths of reaction zones) of the catalyst-
packed layer, its optimum value depends upon such as:
oxidation reaction conditions; and composition, shape, and
s1ze of the catalyst as packed 1n each layer. Therelore, the
ratio cannot be specified sweepingly. The ratio may appro-
priately be selected so as to obtain the optimum activity and
selectivity as a whole.

In the catalytic gas phase oxidation reaction of the present
invention, 1t 1s enough that the specific catalyst-packing
mode concerning the occupation volumes of the catalysts 1s,
as aforementioned, that the occupation volumes difler
between at least two (which may be eitther adjacent to or
apart from each other) of the reaction zones. Thus, there 1s
no limitation on the above mode. Favorable 1s, however, a
mode that the occupation volume of the packed catalyst in
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a reaction zone nearest the gas-outlet side 1s smaller than that
in a reaction zone nearest the gas-inlet side. And more
favorable 1s a mode that: the occupation volume of the
packed catalyst 1n a reaction zone nearest the gas-outlet side
1s smaller than that in a reaction zone nearest the gas-inlet
side, and the occupation volume of the packed catalyst in a
reaction zone on the gas-outlet side 1s not larger than (1.e. 1s
smaller than or the same as) that 1n a reaction zone on the
gas-inlet side, wherein these reaction zones are any two
reaction zones which are adjacent to each other. And still
more favorable 1s a mode that the occupation volume of the
packed catalyst becomes smaller in order from the reaction
zone nearest the gas-inlet side toward the reaction zone
nearest the gas-outlet side. More specifically, for instance,
when three reaction zones are made and referred to as a first
reaction zone, a second reaction zone, and a third reaction
zone from the gas-inlet side toward the gas-outlet side, then
the above mode may be as follows: a mode that the occu-
pation volume of the catalyst becomes smaller 1n order from
the first reaction zone toward the third reaction zone; or a
mode that the occupation volume of the packed catalyst in
the second reaction zone 1s smaller than that in the first
reaction zone, and that the occupation volume of the packed
catalyst in the second reaction zone 1s the same as that 1n the
third reaction zone; or a mode that the occupation volume of
the packed catalyst 1n the first reaction zone 1s the same as
that 1n the second reaction zone, and that the occupation
volume of the packed catalyst in the third reaction zone 1s
smaller than that in the second reaction zone; or a mode that
the occupation volume of the packed catalyst 1n the second
reaction zone 1s larger than that 1n the first reaction zone, and
that the occupation volume of the packed catalyst in the third
reaction zone 1s smaller than that 1n the second reaction
zone, and that the occupation volume of the packed catalyst
in the third reaction zone 1s smaller than that 1n the first
reaction zone; or a mode that the occupation volume of the
packed catalyst 1n the second reaction zone 1s smaller than
that 1n the first reaction zone, and that the occupation volume
of the packed catalyst 1n the third reaction zone 1s larger than
that 1n the second reaction zone, and that the occupation
volume of the packed catalyst in the third reaction zone 1s
smaller than that in the first reaction zone. There 1s no
limitation thereto.

In the present invention, each reaction zone 1s favorably
in formation lined up 1n the tubular axial direction of each
reaction tube 1n the fixed-bed multitubular reactor used for
the reaction, that 1s, 1n formation where the boundary of each
reaction zone 1s arranged in parallel to the section of the
reaction tube. However, the present invention 1s not limited
to this formation. For mstance, the formation may be such
that the boundary of each reaction zone 1s arranged 1n a state
having a certain angle (1n an 1inclined state) to the section of
the reaction tube. In addition, the formation may be such
that: a part of the boundary of each reaction zone 1s arranged
in parallel to the section of the reaction tube, the remaining
part 1s arranged 1n a state having a certain angle (in an
inclined state) to the section of the reaction tube.

The above catalyst-packing mode concerning the occu-
pation volumes of the catalysts 1s particularly favorably that
the ratio between occupation volumes of the catalysts 1n two
reaction zones adjacent to each other 1s adjusted within a
specific range. Thereby very excellent effects can be
obtained 1n point of the suppression of the thermal accumu-
lation at the hot spot portion. Specifically, when the occu-
pation volume in the gas-inlet-side one of the two reaction
zones adjacent to each other 1s represented by V, and that 1n
the gas-outlet-side one 1s represented by V,, then V,/V, 1s,
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for example, favorably within the range of 1.2/1 to 64/1,
more favorably V,/V,=1.3/1to 27/1. When the ratio (V,/V,,)
between the occupation volumes 1s less than 1.2/1, there 1s
a possibility that the eflect of the suppression of the thermal
accumulation at the hot spot portion cannot be sufliciently
obtained, so the significance of making the reaction zones 1n
numbers may be lost. When the ratio (V,/V,) 1s more than
64/1, there 1s a possibility that it may become necessary to
put up with a low productivity in order to suppress the
thermal accumulation at the hot spot portion 1n the reaction
zone smaller 1n occupation volume, and that the pressure
drop 1n the reaction zones may increase.

In the catalytic gas phase oxidation reaction of the present
invention, it 1s enough that the specific packing mode
concerning the mixing of the inert substance molding 1s, as
aforementioned, that the catalyst 1s mixed with the inert
substance molding 1n at least one of the reaction zones to
thereby decrease (dilute) the catalytic activity. Thus, there 1s
no limitation on the above mode. Examples thereof include:
a mode that the inert substance molding 1s mixed in the
reaction zone nearest the gas-inlet side; and a mode that the
inert substance molding 1s mixed 1n all of the reaction zones.
Pretferable 1s, however, the mode that the inert substance
molding 1s mixed 1n the reaction zone nearest the gas-inlet
side. More specifically, for instance, when, as aforemen-
tioned, the three reaction zones are made and referred to as
the first reaction zone, the second reaction zone, and the
third reaction zone from the gas-inlet side toward the
gas-outlet side, then the reaction zones in which the inert
substance molding 1s mixed may be only the {irst reaction
zone, or may be only the first reaction zone and the second
reaction zone, or may be all of the first, second and third
reaction zones. Thus, there 1s no limitation. Favorable 1s,
however, the mode that the 1nert substance molding 1s mixed
in only the first reaction zone, or the mode that the inert
substance molding 1s mixed 1n the first reaction zone and the
second reaction zone.

As the 1ert substance molding used 1n the present inven-
tion, any inert substance molding 1s usable 11 1t 1s a substance
substantially inert upon the reaction gas. Examples thereof
include moldings of definite shapes including at least one
component selected from among alumina, silica, silica-
alumina, zirconia, titania, magnesia, silica-magnesia, silica-
magnesia-alumina, silicon carbide, silicon nitride and zeo-
lite, wherein such moldings are used commonly as inert
supports.

There 1s no especial limitation on the shape of the inert
substance molding, and the shape may be any shape of such
as a spherical shape, a columnar shape (pellet shape), and a
ring shape.

The 1nert substance molding used 1n the present invention
may be either (A) or (B) shown below.

(A) A pulverized material of an inert substance. Specifi-
cally, this 1s a material obtained by a process in which the
inert substance 1s pulverized and then either sieved so as to
possess prescribed particle diameters or adjusted so as to be
a prescribed shape (e.g. spherical shape).

(B) A matenial obtained by a process in which: fine
particles of the inert substance or a pulverized matenal of the
inert substance 1s mixed with a paste agent or additive, and
then the resultant mixture 1s molded nto such as a support
shape (e.g. a spherical shape, a disk shape, a columnar
shape, a pellet shape).

As to the 1ert substance usable 1n the present invention,
there 1s no especial limitation on such as its production
process or shape. As the nert substance molding used 1n the
present invention, the case of (B) above 1s favorable 1n that:
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the shape 1s uniform, and it 1s easy to obtain a material of a
necessary size and shape, and 1t becomes possible to carry
out packing which facilitates the adjustment of the condi-
tions of the reaction tube.

As to the above spherical or columnar inert substance
molding, neither of 1ts diameter D and length L 1s limaited.
However, both are favorably within the range of 3 to 15 mm,
more favorably 4 to 10 mm. When the diameter D and the
length L are less than 3 mm, there 1s a possibility that the
inert substance molding may be too small, so the tempera-
ture ol the hot spot portion may tend to rise. When the
diameter D and the length L exceed 15 mm, there 1s a
possibility that the 1nert substance molding may be too large,
so the packing into each reaction tube may be dithcult. As to
the columnar inert substance molding, particularly the
length L 1s favorably 0.5 to 2.0 times, more favorably 0.7 to
1.5 times, as long as the diameter D.

The occupation volume of the nert substance molding
used i the present invention can be set at any value.
However, i1t 1s favorably 1n the range of 20 to 200 volume %,
more favorably 30 to 150 volume %, relative to the occu-
pation volume of the catalyst to be mixed.

The shape and size of the mert substance molding used 1n
the present mvention may be the shape and size of the
alforementioned support usable in the present invention.

As to the packing mode concerning the mixing of the
above 1nert substance molding, the mixing ratio of the inert
substance molding 1s favorably 80 volume % or less, more
favorably in the range of 5 to 60 volume %, still more
favorably 10 to 50 volume %. When the above mixing ratio
exceeds 80 volume %, there 1s a possibility not only that the
activity may decrease so remarkably as to deteriorate the
reaction efliciency, but also that the absolute amount of the
catalytic component in the reaction tube may decrease too
much, thus resulting in unfavorably shortening the catalyst
life time. The defimition of the mixing ratio of the inert
substance molding will be described 1n the below-mentioned
detailed description of Examples of some preferred embodi-
ments.

Incidentally, i the catalytic gas phase oxidation reaction
of the present invention, as to the above mixing ratio, the
reaction zones in which the inert substance molding 1s mixed
may be either identical with or different from each other.
Thus, there 1s no limitation.

In the catalytic gas phase oxidation reaction of the present
invention, another favorable catalyst-packing mode besides
the aforementioned one 1s that, furthermore, the activities of
the catalysts as packed 1n the alorementioned at least two
reaction zones difler between these reaction zones. There 1s
no limitation on the process for preparing the above catalysts
different as to the activity. Hitherto publicly known prepa-
ration processes may be used. However, examples thereof
include: a process that involves changing the kind and/or
amount of at least one element selected from among alkaline
metals (alkaline metals (e.g. L1, Na, K, Rb, Cs) as compo-
nents C 1n the catalytic component (1) usable 1n the present
invention and as components E 1n the catalytic component
(2) usable 1n the present invention); a process that involves
changing the supporting ratio; a process that involves chang-
ing the calcination temperature; and a process that involves
a combination of these processes. Above all, the above
process that involves the combination 1s favorable in points
of the catalyst life time and the yield. If at least two catalysts
different as to the activity are arranged in the above way,
then the thermal accumulation at the hot spot portion can be
suppressed, and also the objective product can be obtained
with a high selectivity stably for a long time.
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There 1s no limitation on the catalyst-packing mode 1n the
above case where the activities of the catalysts as packed 1n
the at least two reaction zones difler between these reaction
zones. However, examples thereof include: a mode in which
the packing 1s performed 1n such a manner that the activity
increases 1n order from the gas-inlet-side reaction zone
toward the gas-outlet-side reaction zone; and a mode in
which the packing 1s performed in such a manner that, from
the gas-inlet-side reaction zone toward the gas-outlet-side
reaction zone, the activity once decreases and thereafter
increases. Preferable 1s the former mode. In addition, 1n the
latter mode, the packed-layer length in the gas-inlet-side
reaction zone (in which the catalyst having the higher
activity 1s packed) 1s favorably not more than 50%, more
tavorably not more than 20%, still more favorably not more
than 10%, of the overall length of the catalyst-packed layers.

When the catalytic gas phase oxidation reaction of the
present invention 1s carried out, there 1s no limitation except
for adopting the aforementioned mode as the catalyst-
packing mode. This reaction can be performed with appro-
priate adoption of devices, processes and conditions which
are used 1n general. Hereinatter, descriptions are given about
such as general catalytic gas phase oxidation reactions and
catalytic gas phase oxidation reaction conditions.

The catalytic gas phase reaction of the present invention
can be carried out by a conventional one-pass process or
recycling process.

As to reaction conditions for the catalytic gas phase
ox1idation reaction of the present invention, when at least one
compound selected from the group consisting of propylene,
1sobutylene, t-butyl alcohol, and methyl t-butyl ether 1s used
as a raw material to produce an unsaturated aldehyde and/or
unsaturated carboxylic acid corresponding to the raw mate-
rial, then examples of the above reaction conditions include
such that a mixed gas (reaction gas) 1s introduced 1nto each
reaction tube to bring the mixed gas into contact with the
catalyst to carry out the reaction in the temperature range of
250 to 450° C. at a space velocity of 300 to 5,000 hr~" (STP),
wherein the mixed gas includes such as: the at least one
compound selected from the group consisting of propylene,
1sobutylene, t-butyl alcohol, and methyl t-butyl ether as the
raw material gas 1 to 10 volume %; oxygen (molecular
oxygen) 3 to 20 volume %; water vapor 0 to 60 volume %;
and an 1nert gas (e.g. nitrogen gas, carbon dioxide gas) as a
diluent 20 to 80 volume %. When an unsaturated aldehyde
1s used as a raw material to produce an unsaturated carboxy-
lic acid corresponding to the raw material, then examples of
the above reaction conditions include such that a mixed gas
(reaction gas) 1s introduced into each reaction tube to bring
the mixed gas into contact with the catalyst to carry out the
reaction in the temperature range of 200 to 400° C. at a space
velocity of 300 to 5,000 hr~' (STP), wherein the mixed gas
includes such as: the unsaturated aldehyde (favorably,
acrolein) as the raw material gas 1 to 10 volume %; oxygen
(molecular oxygen) 0.5 to 20 volume %; water vapor 0 to 60
volume %; and an 1nert gas (e.g. nitrogen gas, carbon
dioxide gas) as a diluent 20 to 80 volume %.

In the catalytic gas phase oxidation reaction of the present
invention, when at least one compound selected from the
group consisting of propylene, 1sobutylene, t-butyl alcohol,
and methyl t-butyl ether 1s used as a raw material to produce
an unsaturated carboxylic acid corresponding to the raw
material, then, as to a first-step reaction to form an unsat-
urated aldehyde from the at least one compound selected
from the group consisting of propylene, 1sobutylene, t-butyl
alcohol, and methyl t-butyl ether and as to a second-step
reaction to form the unsaturated carboxylic acid from the
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unsaturated aldehyde, 1t 1s permitted that: as 1s 1llustrated in
the below-mentioned detailed description of Examples of
some preferred embodiments, the first-step and second-step
reactions are carried out with separate reactors respectively,
or a catalyst-packed layer for carrying out the first-step
reaction and a catalyst-packed layer for carrying out the
second-step reaction are disposed 1n order in one reactor to
thus carry out the first-step and second-step reactions.

When the unsaturated aldehyde 1s used as the raw material
to produce the unsaturated carboxylic acid corresponding to
the raw material, then it 1s also possible to use an unsatur-
ated-aldehyde-contaiming gas (favorably, acrolein-contain-
ing gas) obtained by another reaction (e.g. acrolein-contain-
ing gas obtamned by carrying out a catalytic gas phase
oxidation reaction of propylene using a molybdenum-bis-
muth-iron-containing catalyst), besides the unsaturated alde-
hyde (favorably, acrolein), as the raw maternial gas. In this
case, for example, the existence ol components other than
acrolein (which are contained 1n the acrolein-containing gas
obtained by carrying out the catalytic gas phase oxidation
reaction of propylene) (specifically, such as by-products
(e.g. acetoaldehyde, acetic acid and carbon oxide), unreacted
propylene, propane) does not have any influence on the
present invention.

The catalytic gas phase oxidation reaction of the present
invention can give remarkably favorable results, in com-
parison with conventional processes, under high-loading
reaction conditions that aim at enhancing the productivity,
for example, under conditions where: the gas pressure 1s
higher, the concentration of the raw material gas 1s higher or
the space velocity 1s larger. Particularly, as to the gas
pressure, when at least one compound selected from the
group consisting of propylene, 1sobutylene, t-butyl alcohol,
and methyl t-butyl ether 1s used as a raw material to produce
an unsaturated aldehyde corresponding to the raw matenal,
then the present invention can be applied favorably to the
case where the gas pressure at the gas outlet of each reaction
tube 1n the fixed-bed multitubular reactor (that 1s, *“‘gas
pressure at the gas outlet of the catalyst-packed layer in the
reaction tube” and “gas pressure at the gas outlet of the
reaction tube™) 1s 0.15 MPa or more 1n absolute pressure.
The present 1nvention can be applied favorably even to the
case where the above gas pressure 1s more severely 0.17
MPa or more, still more severely 0.19 MPa or more, 1n
absolute pressure. In addition, as to the raw-gas concentra-
tion, even 1 it 1s favorably not smaller than 5 volume %
(more favorably not smaller than 7 volume %, still more
favorably not smaller than 9 volume %), the object of the
present ivention can be achieved sutliciently. In addition,
when an unsaturated aldehyde 1s used as a raw matenal to
produce an unsaturated carboxylic acid corresponding to the
raw material or when at least one compound selected from
the group consisting of propylene, 1sobutylene, t-butyl alco-
hol, and methyl t-butyl ether 1s used as a raw material to
produce an unsaturated carboxylic acid corresponding to the
raw material, then the present invention can be applied
favorably to the case where the gas pressure at the gas outlet
ol each reaction tube 1n the fixed-bed multitubular reactor
(that 1s, “gas pressure at the gas outlet of the catalyst-packed
layer 1n the reaction tube™ and “gas pressure at the gas outlet
of the reaction tube”) 1s 0.13 MPa or more in absolute
pressure. The present mvention can be applied favorably
even to the case where the above gas pressure 1s more
severely 0.15 MPa or more, still more severely 0.17 MPa or
more, particularly severely 0.19 MPa or more, in absolute
pressure. In addition, as to the raw-gas concentration, even
if 1t 1s favorably not smaller than 5 volume % (more
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tavorably not smaller than 7 volume %, still more favorably
not smaller than 9 volume %), the object of the present
invention can be achieved sufliciently.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

T
L

Hereinafter, the present imvention 1s more specifically
illustrated by the following Examples of some preferred
embodiments in comparison with Comparative Examples
not according to the present invention. However, the present
invention 1s not limited to them. For convenience, the unit
“part(s) by mass” may hereinafter be abbreviated simply to
“part(s)”.

Measurement and evaluation methods in the following
Examples and Comparative Examples are shown below.

<Conversion, Selectivity and Yield>:

Conversion (mol %)=(mols of reacted raw compound/
mols of supplied raw compound)x100

Selectivity (mol % )=(mols of produced objective product/
mols of reacted raw compound)x100

Yield (mol %)=(mols of produced objective product/mols
of supplied raw compound)x100

<Mixing Ratio of Inert Substance Molding>:

(1) Areaction tube (having the same imnner diameter as that
of an actual reaction tube) and a catalyst, which are used for
an actual catalytic gas phase oxidation reaction, are pre-
pared, and only the catalyst 1s packed at a packing speed at
which the catalyst 1s packed into the actual reaction tube.

(2) The packing density, when only the catalyst 1s packed,
1s determined from the layer length of the packed catalyst
and the mass of the packed catalyst by the following
equation.

Packing density of catalyst only=(mass of packed cata-
lyst)/(sectional area of reaction tubexlength of packed layer)

(3) Only the inert substance molding actually used 1is
packed in the same way as of the above packing of only the
catalyst, and the packing density of only the 1nert substance
molding 1s determined by the following equation.

Packing density of inert substance molding only=(mass of
packed 1nert substance molding)/(sectional area of reaction
tubexlength of packed layer)

(4) The mixing ratio of the inert substance molding 1s
determined from the above-determined packing density of
only the catalyst and the above-determined packing density 45
of the mert substance molding by the following equation.

Mixing ratio of inert substance molding (volume %)=
[(mass of 1nert substance molding)/(packing density of inert
substance molding only)]/[(mass of inert substance mold-
ing)/(packing density of inert substance molding only)+
(mass of catalyst)/(packing density of catalyst only)]x100.
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PRODUCTION EXAMPLE 1

A solution (1) was obtained by dissolving 687 parts of 35
cobalt nmitrate, 412 parts of nickel nitrate and 191 parts of
terric nitrate mto 1000 parts of 1on-exchanged water. Sepa-
rately, a solution (2) was obtained by dissolving 229 parts of
bismuth nitrate into an aqueous nitric acid solution com-
prising S0 parts of concentrated mitric acid and 200 parts of 60
ion-exchanged water.

The solution (1) and the solution (2) were dropwise added
in order to a solution (having been obtained by dissolving
1000 parts of ammonium paramolybdate and 64 parts of
ammonium paratungstate into 3000 parts of heated 1on- 65
exchanged water) under stirring to mix them together. Fur-
ther thereto a solution (having been obtained by dissolving,
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4.8 parts of potassium nitrate into 50 parts of 1on-exchanged
water) was added to obtain a slurry.

A dried material was obtained by continuing to heat the
resultant slurry while stirring it. Next, this dried material
was pulverized, and then 1on-exchanged water (as a binder)
was added to the resultant powder, and then they were
kneaded together for 1 hour. The resultant mixture was
extrusion-molded into a ring shape of 6 mm 1n outer
diameter, 2 mm 1n 1nner diameter, and 6 mm 1n length. Next,
the resultant molding was calcined under a stream of air at
480° C. for 8 hours, thus obtaining a catalyst (1). The metal
clement composition (atomic ratio except for oxygen, here-
inafter similar) of this catalyst was as follows.

Catalyst (1): Mo ;,W, sB1Fe;CosNiz; Ky

PRODUCTION EXAMPLE 2

A catalyst (2) was obtained in the same way as of
Production Example 1 except that the mixture was extru-
sion-molded 1nto a ring shape of 8 mm 1n outer diameter, 2
mm 1n 1mner diameter, and 8 mm in length 1n the production
process of the catalyst (1) of Production Example 1.

Shown 1n Table 1 are the catalyst compositions, shapes,
catalyst sizes and occupation volumes of the catalysts (1)

and (2).

EXAMPLE 1

A catalyst dilution (length of packed layer: 1000 mm)
(having been obtained by mixing the catalyst (2) and alu-
mina balls (having an average diameter of 7 mm (occupation
volume: 180 mm®)) (as the inert substance molding) in a
mixing ratio of 20 volume %) and the catalyst (1) (length of
packed layer: 2000 mm) were packed 1nto a stainless-steel-
made reaction tube of 25 mm 1n mnner diameter (being heated
with a molten nitrate) 1n order from its gas-inlet side toward
its gas-outlet side. That 1s, the catalyst-packed layer of the
reaction tube was divided into two reaction zones, wherein:
the gas-inlet-side reaction zone was packed with the dilution
of the catalyst (2), and the gas-outlet-side reaction zone was
packed with only the catalyst (1).

A catalytic gas phase oxidation reaction of propylene was
carried out by introducing a reaction gas of the following
composition into the reaction tube in such a manner that the
contact time could be 2.3 seconds. Incidentally, the gas
pressure at the gas outlet of the reaction tube was adjusted
to 0.12 MPa (absolute pressure). The reaction was continu-
ously performed for 8000 hours. Shown in Table 2 are the
results of the measurement at passages of 50 hours and of
8000 hours from the start of the reaction.

<Composition of Reaction Gas>:
Propylene: 8 volume %

Oxygen: 14 volume %

Water vapor: 10 volume %

Inert gas such as nitrogen: 68 volume %

Thereupon, only the alumina balls having the average
diameter of 7 mm, used for diluting the catalyst (2), were
packed into the reaction tube (length of packed layer: 3000
mm), and the same catalytic gas phase oxidation reaction of
propylene as described above was carried out. As a result,
the conversion of propylene was 0.3 mol %. Therefrom, 1t
was confirmed that the above alumina balls were substan-
tially inert upon the propylene. Also in the following
Examples and Comparative Examples, these alumina balls
were used as the mert substance molding.
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COMPARAIIVE

EXAMPLE 1

The catalytic gas phase oxidation reaction of propylene
was carried out 1in the same way as of Example 1 except that
only the catalyst (2) was packed instead of the catalyst
dilution having been obtained by mixing the alumina balls
(having the average diameter of 7 mm) and the catalyst (2).
Shown 1n Table 2 are the results of the measurement at
passages of 50 hours and of 8000 hours from the start of the
reaction.

COMPARAIIVE

EXAMPLE 2

The catalytic gas phase oxidation reaction of propylene
was carried out 1n the same way as of Example 1 except that,
instead of the catalyst dilution having been obtained by
mixing the alumina balls (having the average diameter of 7
mm) and the catalyst (2), there was packed a catalyst
dilution having been obtained by mixing the above alumina
balls and the catalyst (1) 1n a mixing ratio of 40 volume %.
Shown 1n Table 2 are the results of the measurement at
passages ol 50 hours and of 8000 hours from the start of the
reaction.

EXAMPLE 2

The catalytic gas phase oxidation reaction of propylene
was carried out 1n the same way as of Example 1 except that
the gas pressure at the gas outlet of the reaction tube was
changed to 0.16 MPa (absolute pressure). Shown 1n Table 3
are the results of the measurement at passages of 50 hours
and of 8000 hours from the start of the reaction.

COMPARAITVE EXAMPLES 3 to 4

The respective catalytic gas phase oxidation reactions of
propylene were carried out in the same way as of Compara-
tive Examples 1 and 2 except that the gas pressure at the gas
outlet of the reaction tube was changed to 0.16 MPa (abso-
lute pressure). Shown i1n Table 3 are the results of the
measurement at passages of 50 hours and of 8000 hours
from the start of the reaction.

EXAMPLE 3

The catalytic gas phase oxidation reaction of propylene
was carried out 1in the same way as of Example 2 except that
a catalyst dilution having been obtained by mixing the
alumina balls (having the average diameter of 7 mm) and the
catalyst (1) 1n a mixing ratio of 5 volume % was packed
instead of the catalyst (1). Shown 1n Table 3 are the results
of the measurement at passages of 50 hours and of 8000
hours from the start of the reaction.

EXAMPLE 4

The catalytic gas phase oxidation reaction of propylene
was carried out 1in the same way as of Example 1 except that
the gas pressure at the gas outlet of the reaction tube was
changed to 0.20 MPa (absolute pressure). Shown 1n Table 4
are the results of the measurement at passages of 50 hours
and of 8000 hours from the start of the reaction.

COMPARAITVE EXAMPLES 5 to 6

The respective catalytic gas phase oxidation reactions of
propylene were carried out in the same way as of Compara-
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tive Examples 1 and 2 except that the gas pressure at the gas
outlet of the reaction tube was changed to 0.20 MPa (abso-
lute pressure). Shown 1n Table 4 are the results of the
measurement at passages of 50 hours and of 8000 hours
from the start of the reaction.

EXAMPLE 5

A catalyst dilution (length of packed layer: 800 mm)
(having been obtained by mixing the catalyst (2) and alu-
mina balls (having an average diameter of 7 mm (occupation
volume: 180 mm?)) in a mixing ratio of 20 volume %), a
catalyst dilution (length of packed layer: 1100 mm) (having
been obtained by mixing the catalyst (1) and the above
alumina balls 1n a mixing ratio of 35 volume %), and the
catalyst (1) (length of packed layer: 1100 mm) were packed
into the same reaction tube as of Example 1 1n order from 1ts
gas-1nlet side toward 1ts gas-outlet side. That 1s, the catalyst-
packed layer of the reaction tube was divided into three
reaction zones, wherein: the reaction zone nearest the gas-
inlet side (first reaction zone) was packed with the dilution
of the catalyst (2), and the reaction zone nearest the gas-
outlet side (third reaction zone) was packed with only the
catalyst (1), and the reaction zone therebetween (second
reaction zone) was packed with the dilution of the catalyst
(1).

A catalytic gas phase oxidation reaction of propylene was
carried out by introducing a reaction gas of the same
composition as of Example 1 into the reaction tube in such
a manner that the contact time could be 2.3 seconds.
Incidentally, the gas pressure at the gas outlet of the reaction
tube was adjusted to 0.20 MPa (absolute pressure). The
reaction was continuously performed for 8000 hours. Shown
in Table 4 are the results of the measurement at passages of
50 hours and of 8000 hours from the start of the reaction.

EXAMPLE 6

The catalytic gas phase oxidation reaction of propylene
was carried out in the same way as of Example 4 except that
a catalyst dilution (length of packed layer: 700 mm) (having
been obtained by mixing the catalyst (2) and alumina balls
(having an average diameter of 10 mm (occupation volume:
524 mm®)) in a mixing ratio of 30 volume %), a catalyst
dilution (length of packed layer: 1100 mm) (having been
obtained by mixing the catalyst (1) and alumina balls
(having an average diameter of 7 mm (occupation volume:
180 mm®)) in a mixing ratio of 30 volume %), and the
catalyst (1) (length of packed layer: 1200 mm) were packed
in order from the gas-inlet side toward the gas-outlet side.
The reaction was continuously performed for 8000 hours.
Shown 1n Table 4 are the results of the measurement at
passages ol 50 hours and of 8000 hours from the start of the
reaction.

Incidentally, only the alumina balls having the average
diameter of 10 mm, used for diluting the catalyst (2), were

packed at a layer length of 3000 mm 1nto the stainless-steel-
made reaction tube of 25 mm 1n 1nner diameter, and the same
catalytic gas phase oxidation reaction of propylene as of
Example 1 (reaction continuation time: 50 hours) was car-
ried out. As a result, the conversion of propylene was 0.2
mol %. Therefrom, 1t was confirmed that the above alumina
balls were substantially inert upon the propylene.
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TABLE 1
Catalyst size
Outer Inner Occupation
Catalyst diameter diameter Height volume
No. Catalyst composition Shape (mm) (mm) (mm) (mm”)
(1) Mo ,W,sBi,Fe,Co;Ni;K,; Ring 6 2 6 170
(2) Mo ;,W,sBi,Fe;CosNiz;K,; Ring 8 2 8 402
TABLE 2
Total Total
Hot selectivity Selec- Selec-  wvield of
Catalyst packing Reaction Reaction spot of (acrolem + tivity tivity  (acrolein + Yield of
method continuation  temper- temper- Conversion acrylic of acrylic of acrylic acrylic  Yield of
(gas-inlet side — time ature ature  of propylene acid) acid acrolein acid) acid  acrolein
gas-outlet side) (hours) (° C.) (° C.) (mol %o) (mol %) (mol %) (mol %) (mol %) (mol %) (mol %)
Exam- Catalyst (2) 50 318 374 98.0 94.5 11.8 82.7 92.6 11.6 81.0
ple 1 dilution 8000 338 385 98.1 94.%8 10.8 84.0 93.0 10.6 82.4
(mixing ratio: 20
volume %)/
catalyst (1) =
1000 mm/
2000 mm
Compar-  Catalyst (2)/ 50 315 377 98.0 94.2 12.1 82.1 92.3 11.9 80.4
ative catalyst (1) = 8000 339 389 97.9 94.6 11.2 83.4 92.6 11.0 81.6
Exam- 1000 mm/
ple 1 2000 mm
Compar-  Catalyst (2) 50 315 390 97.9 93.9 14.1 79.8 91.9 13.8 78.1
ative dilution {000 342 404 98.0 94.2 12.3 81.9 92.3 12.1 80.2
Exam- (mixing ratio: 40
ple 2 volume %)/
catalyst (1) =
1000 mm/
2000 mm
TABLE 3
Total Total
Hot selectivity Selec- Selec-  yield of
Catalyst packing Reaction Reaction spot of (acrolem + tivity tivity  (acrolein + Yield of
method continuation  temper- temper- Conversion acrylic of acrylic of acrylic acrylic  Yield of
(gas-inlet side — time ature ature  of propylene acid) acid acrolein acid) acid  acrolein
gas-outlet side) (hours) (° C.) (° C.) (mol %o) (mol %) (mol %) (mol %) (mol %) (mol %) (mol %)
Exam- Catalyst (2) 50 313 380 98.1 94.1 12.1 82.0 92.3 11.9 80.4
ple 2 dilution 8000 328 389 98.1 94.5 11.0 83.5 92.7 10.8 81.9
(mixing ratio: 20
volume %0)/
catalyst (1) =
1000 mm/
2000 mm
Compar-  Catalyst (2)/ 50 310 384 97.8 93.6 13.0 80.6 91.5 12.7 78.8
ative catalyst (1) = 8000 331 401 98.1 93.8 11.9 81.9 92.0 11.7 80.3
Exam- 1000 mm/
ple 3 2000 mm
Compar-  Catalyst (1) 50 310 398 97.9 92.9 14.9 78.0 90.9 14.6 76.3
ative dilution 8000 335 419 98.0 93.1 13.1 80.0 91.2 12.8 78.4
Exam- (mixing ratio: 40
ple 4 volume %)/
catalyst (1) =
1000 mm/
2000 mm
Exam- Catalyst (2) 50 316 386 98.1 93.9 12.3 81.6 92.1 12.1 80.0
ple 3 dilution 8000 332 395 97.9 94.3 11.2 83.1 92.3 11.0 81.3

(mixing ratio: 20
volume %)/
catalyst (1)
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Catalyst packing Reaction Reaction

method continuation  temper-

(gas-inlet side — time ature

gas-outlet side) (hours) (° C.)

dilution

(mixing ratio:

5 volume %) =

1000 mm/

2000 mm

Reac-

Catalyst packing Reaction tion

method continuation temper-

(gas-inlet side — time ature

gas-outlet side) (hours) (° C.)
Exam- Catalyst (2) dilution 50 305
ple 4 (mixing ratio: 20 {000 316

volume %)/

catalyst (1) =

1000 mm/

2000 mm
Compar-  Catalyst (2)/ 50 305
ative catalyst (1) = 50 300
Exam- 1000 mm/ {000 318
ple 5 2000 mm
Compar-  Catalyst (1) dilution 50 305
ative (mixing ratio: 40 50 300
Exam- volume %)/ {000 321
ple 6 catalyst (1) =

1000 mm/

2000 mm
Exam- Catalyst (2) dilution 50 307
ple 5 (mixing ratio: 20 8000 320

volume %)/

catalyst (1)

dilution

(mixing ratio:

35 volume %)/

catalyst

(1) = 800 mm/

1100 mm/

1100 mm
Exam- Catalyst (2) dilution 50 305
ple 6 (mixing ratio: 30 8000 313

volume %)/
catalyst (1)
dilution
(mixing ratio:
30 volume %)/
catalyst

(1) = 700 mm/
1100 mm/
1200 mm

PRODUCTION EXAMPLE 3

While 4000 parts of 1on-exchanged water was heat-
stirred, 600 parts of ammonium paramolybdate, 166 parts of ¢
ammonium metavanadate, and 122 parts of ammonium

paratungstate were dissolved thereinto.

Separately, while 500 parts of 1on-exchanged water was
heat-stirred, 178 parts of cupric nitrate and 4 parts of

antimony trioxide were added thereinto.

Uus 7,161,044 B2

TABLE 3-continued
Total Total

Hot selectivity Selec- Selec-  vield of
spot of (acrolem + tivity tivity  (acrolein + Yield of

temper- Conversion acrylic of acrylic of acrylic acrylic  Yield of
ature  of propylene acid) acid acrolein acid) acid  acrolein
(° C.) (mol %o) (mol %) (mol %) (mol %) (mol %) (mol %) (mol %)

TABLE 4
Total Total

Hot selectivity Selec- Selec-  vield of
spot of (acrolein + tivity tivity  (acrolemm + Yield of

temper- Conversion acrylic of acrylic of acrylic acrylic  Yield of
ature  of propylene acid) acid acrolein acid) acid  acrolemn
(° C.) (mol %o) (mol %) (mol %) (mol %) (mol %) (mol %) (mol %)
383 98.3 92.7 12.6 80.1 91.1 12.4 78.7
395 98.1 93.5 11.5 82.0 91.7 11.3 80.4

Hot spot temperature remarkably rose, so reaction was given up.
399 98.5 91.0 14.2 76.8 89.6 14.0 75.6
411 08.2 91.5 12.9 78.6 89.9 12.7 77.2
Hot spot temperature remarkably rose, so reaction was given up.

404 98.5 90.6 16.1 74.5 89.2 15.9 73.3
417 98.1 91.1 13.3 77.8 89.4 13.0 76.4
382 98.0 93.1 12.1 81.0 91.2 11.9 79.3
400 97.9 93.7 11.0 82.7 91.7 10.8 80.9
380 97.9 93.5 11.9 81.6 91.5 11.7 79.8
391 08.2 93.6 10.9 82.7 91.9 10.7 81.2

rator on a hot water bath. Then, 2000 parts of a silica-
alumina-made support having an average diameter of 5 mm
was added to the above mixed liquid. Then, the liquid was
evaporated to dryness while stirred to make its dried mate-
rial adhere to the support. Then, they were calcined at 400°

C. for 6 hours, thus obtaining a catalyst (3).

% follows.

After the resultant two liquids had been mixed together,

the resultant mixed liquid was put into a porcelain evapo-

The metal element composition (atomic ratio except for
oxygen, heremnafter similar) of this catalyst (3) was as

Catalyst (3): Mo;,VsW, (Cus Sbg
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PRODUCTION EXAMPLE 4

A catalyst (4) was obtamned 1 the same way as of
Production Example 3 except that a silica-alumina-made
support having an average diameter of 10 mm was used 1n
place of the silica-alumina-made support having the average
diameter of 5 mm 1n the production process of the catalyst
(3) of Production Example 3.

Shown 1n Table 5 are the catalyst compositions, shapes,
catalytic component supporting ratios, catalyst sizes and
occupation volumes of the catalysts (3) and (4).

COMPARATIV.

EXAMPLE 7

T

The catalysts (4) and (3) were packed at layer lengths of
1000 mm and 2000 mm respectively into a stainless-steel-
made reaction tube of 25 mm 1n inner diameter (being heated
with a molten nitrate) in order from its reaction-gas-inlet
side toward its reaction-gas-outlet side.

A catalytic gas phase oxidation reaction of acrolein was
carried out by itroducing a reaction gas of the following
composition 1nto the reaction tube in such a manner that the
contact time could be 2.3 seconds. Incidentally, the gas
pressure at the gas outlet of the reaction tube was adjusted
to 0.11 MPa (absolute pressure). The reaction was continu-
ously performed for 8000 hours. Shown in Table 6 are the
results of the measurement at passages of 50 hours and of
8000 hours from the start of the reaction.

<Composition of Reaction Gas>:

Acrolein: 6 volume %

Oxygen: 10 volume %

Water vapor: 10 volume %

Inert gas such as nitrogen: 74 volume %

COMPARAIIVE

EXAMPLE 3

The catalytic gas phase oxidation reaction of acrolein was
carried out 1n the same way as of Comparative Example 7
except that a catalyst dilution having been obtained by
mixing the alumina balls (having an average diameter of 7
mm (occupation volume: 180 mm>)) (as the inert substance
molding) and the catalyst (3) 1n a mixing ratio of 40 volume
% was packed instead of the catalyst (4) (that 1s, the dilution
of the catalyst (3) was packed on the reaction-gas-inlet side,
and only the catalyst (3) was packed on the reaction-gas-
outlet side). Shown 1n Table 6 are the results of the mea-
surement at passages of 50 hours and of 8000 hours from the
start of the reaction.

Incidentally, only the alumina balls having the average
diameter of 7 mm, used for diluting the catalyst (3), were
packed at a layer length of 3000 mm 1nto the stainless-steel-
made reaction tube of 25 mm 1n 1nner diameter, and the same
catalytic gas phase oxidation reaction of acrolein as of
Comparative Example 7 (reaction continuation time: 50
hours) was carried out. As a result, the conversion of
acrolein was 0.3 mol %. Therefrom, it was confirmed that
the above alumina balls were substantially inert upon the
acrolein. Also 1n the following Examples and Comparative
Examples, these alumina balls were used as the inert sub-
stance molding.

EXAMPLE 7

The catalytic gas phase oxidation reaction of acrolein was
carried out in the same way as of Comparative Example 7
except that a catalyst dilution having been obtained by
mixing the alumina balls (having an average diameter of 7
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mm) and the catalyst (4) in a mixing ratio of 20 volume %
was packed 1nstead of the catalyst (4) (that 1s, the dilution of
the catalyst (4) was packed on the reaction-gas-inlet side,
and only the catalyst (3) was packed on the reaction-gas-
outlet side). Shown 1n Table 6 are the results of the mea-
surement at passages of 50 hours and of 8000 hours from the
start of the reaction.

COMPARATIVE EXAMPLES 9 to 10

The respective catalytic gas phase oxidation reactions of
acrolein were carried out in the same way as of Comparative
Examples 7 to 8 except that the gas pressure at the gas outlet
of the reaction tube was changed to 0.14 MPa (absolute
pressure).

Shown 1n Table 7 are the results of the measurement at
passages of 50 hours and of 8000 hours from the start of the
reaction.

EXAMPLE 3

The catalytic gas phase oxidation reaction of acrolein was
carried out 1n the same way as of Example 7 except that the
gas pressure at the gas outlet of the reaction tube was
changed to 0.14 MPa (absolute pressure). Shown in Table 7
are the results of the measurement at passages of 50 hours
and of 8000 hours from the start of the reaction.

EXAMPLE 9

The catalytic gas phase oxidation reaction of acrolein was
carried out 1n the same way as of Example 8 except that a
catalyst dilution having been obtained by mixing the alu-
mina balls (having an average diameter of 7 mm) and the
catalyst (3) 1n a mixing ratio of 5 volume % was packed
instead of the catalyst (3) (that 1s, the dilution of the catalyst
(4) was packed on the reaction-gas-inlet side, and the
dilution of the catalyst (3) was packed on the reaction-gas-
outlet side). Shown 1n Table 7 are the results of the mea-
surement at passages of 50 hours and of 8000 hours from the
start of the reaction.

COMPARAIIVE EXAMPLES 11 to 12

The respective catalytic gas phase oxidation reactions of
acrolein were carried out in the same way as of Comparative
Examples 7 to 8 except that the gas pressure at the gas outlet
of the reaction tube was changed to 0.18 MPa (absolute
pressure).

Shown 1n Table 8 are the results of the measurement at

passages of 50 hours and of 8000 hours from the start of the
reaction.

EXAMPLE 10

The catalytic gas phase oxidation reaction of acrolein was
carried out 1n the same way as of Example 7 except that the
gas pressure at the gas outlet of the reaction tube was
changed to 0.18 MPa (absolute pressure). Shown 1n Table 8
are the results of the measurement at passages of 50 hours
and of 8000 hours from the start of the reaction.

EXAMPL.

L1l

11

The catalytic gas phase oxidation reaction of acrolein was
carried out 1n the same way as of Example 10 except that a
catalyst dilution (length of packed layer: 800 mm) (having




Uus 7,161,044 B2

25

been obtained by mixing the catalyst (4) and alumina balls
(having an average diameter of 7 mm) 1n a mixing ratio of
20 volume %), a catalyst dilution (length of packed layer:
1100 mm) (having been obtained by mixing the catalyst (3)
and the above alumina balls 1n a mixing ratio of 35 volume
%), and the catalyst (3) (length of packed layer: 1100 mm)
were packed 1n order from the reaction-gas-inlet side toward
the reaction-gas-outlet side. That 1s, the catalyst-packed
layer of the reaction tube was divided into three reaction
zones, wherein: the reaction zone nearest the gas-inlet side
(first reaction zone) was packed with the dilution of the
catalyst (4), and the reaction zone nearest the gas-outlet side
(third reaction zone) was packed with only the catalyst (3),
and the reaction zone therebetween (second reaction zone)
was packed with the dilution of the catalyst (3).

Shown 1n Table 8 are the results of the measurement at
passages of 50 hours and of 8000 hours from the start of the
reaction.

EXAMPL.

L1l

12

The catalytic gas phase oxidation reaction of acrolein was
carried out 1n the same way as of Example 10 except that a
catalyst dilution (length of packed layer: 700 mm) (having
been obtained by mixing the catalyst (4) and alumina balls
(having an average diameter of 10 mm) 1n a mixing ratio of
30 volume %), a catalyst dilution (length of packed layer:
1100 mm) (having been obtained by mixing the catalyst (3)
and alumina balls (having an average diameter of 7 mm) 1n
a mixing ratio of 30 volume %), and the catalyst (3) (length
of packed layer: 1200 mm) were packed 1n order from the
reaction-gas-inlet side toward the reaction-gas-outlet side.
That 1s, the catalyst-packed layer of the reaction tube was
divided into three reaction zones, wherein: the reaction zone
nearest the gas-inlet side (first reaction zone) was packed
with the dilution of the catalyst (4), and the reaction zone
nearest the gas-outlet side (third reaction zone) was packed
with only the catalyst (3), and the reaction zone therebe-
tween (second reaction zone) was packed with the dilution
of the catalyst (3).

Shown 1n Table 8 are the results of the measurement at
passages of 50 hours and of 8000 hours from the start of the
reaction.

Incidentally, only the alumina balls having the average
diameter of 10 mm, used for diluting the catalyst (4), were
packed at a layer length of 3000 mm 1into the stainless-steel-

Catalyst No.

(3)
(4)

Catalyst packing
method
(gas-inlet side —
gas-outlet side)

Catalyst (4)/catalyst
(3) = 1000 mm/2000 mm

Comparative
Example 7

26

made reaction tube of 25 mm 1n 1nner diameter, and the same
catalytic gas phase oxidation reaction of acrolein as of
Comparative Example 7 (reaction continuation time: 50
hours) was carried out. As a result, the conversion of
acrolein was 0.4 mol %. Therefrom, 1t was confirmed that
the above alumina balls were substantially inert upon the
acrolein.

EXAMPL.

= 13
10

A catalyst dilution (length of packed layer: 700 mm)
(having been obtained by mixing the catalyst (2) and alu-
mina balls (having an average diameter of 7 mm (occupation
volume: 180 mm’)) (as the inert substance molding) in a
mixing ratio of 30 volume %), the catalyst (2) (length of
packed layer: 1100 mm), and the catalyst (1) (length of
packed layer: 1200 mm) were packed into a stainless-steel-
made reaction tube of 25 mm 1n inner diameter (being heated
with a molten nitrate) in order from 1ts reaction-gas-inlet
side toward its reaction-gas-outlet side.

A catalytic gas phase oxidation reaction of propylene was
carried out by introducing a reaction gas of the following
composition into the reaction tube in such a manner that the
contact time could be 2.3 seconds.

<Composition of Reaction Gas>:

Propylene: 8 volume %

Oxygen: 15 volume %

Water vapor: 10 volume %

Inert gas such as nitrogen: 67 volume %

The resultant reaction gas was introduced into a stainless-
steel-made reaction tube of 25 mm 1n 1nner diameter (being,
heated with a molten mitrate) packed with a catalyst dilution
(length of packed layer: 700 mm) (having been obtained by
mixing the catalyst (4) and alumina balls (having an average
diameter of 7 mm (occupation volume: 180 mm?)) (as the
inert substance molding) 1n a mixing ratio of 25 volume %),
the catalyst (4) (length of packed layer: 1100 mm), and the
catalyst (3) (length of packed layer: 1200 mm) 1n order from
the reaction-gas-inlet side toward reaction-gas-outlet side of
40 the reaction tube.

Incidentally, the gas pressure at the gas outlet of the
reaction tube was adjusted to 0.20 MPa (absolute pressure).
The reaction was continuously performed for 8000 hours.
Shown 1n Table 9 are the results of the measurement at
passages ol 50 hours and of 8000 hours from the start of the
reaction.
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TABLE 5
Catalytic
component
supporting  Catalyst size  Occupation
ratio Diameter volume
Catalyst composition Shape (wt %) (mm) (mm~)
Mo, Vs oW cCuy (Sbg;  Sphere 25.2 5 65
Mo 5Vs5 oW Cusy 4Sbg;  Sphere 25.2 10 524
TABLE 6
Reaction Selectivity  Yield of
continuation  Reaction Hot spot Conversion of acrylic acrylic
time temperature temperature  of acrolein acid acid
(hours) (° C.) (° C.) (mol %o) (mol %) (mol %)
50 258 317 99.0 94.8 93.9
8000 272 307 99.1 94.5 93.6
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TABLE 6-continued
Catalyst packing Reaction Selectivity  Yield of
method continuation  Reaction Hot spot Conversion of acrylic  acrylic
(gas-inlet side — time temperature temperature  of acrolemn acid acid
gas-outlet side) (hours) (° C.) (° C.) (mol %) (mol %) (mol %)
Comparative Catalyst (3) dilution 50 258 322 98.7 94 .4 93.2
Example 8  (mixing ratio: 40 8000 275 316 98.9 94.2 93.2
volume %)/catalyst
(3) = 1000 mm/2000 mm
Example 7  Catalyst (4) dilution 50 260 314 99.2 95.2 94 .4
(mixing ratio: 20 8000 270 301 99.3 95.0 94 .3
volume %)/catalyst
(3) = 1000 mm/2000 mm
TABLE 7
Catalyst packing Reaction Selectivity  Yield of
method continuation  Reaction Hot spot Conversion of acrylic acrylic
(gas-inlet side — time temperature temperature  of acrolein acid acid
gas-outlet side) (hours) (° C.) (° C.) (mol %) (mol %) (mol %)
Comparative Catalyst (4)/catalyst 50 253 324 99.1 941 93.3
Example 9  (3) = 1000 mm/2000 mm 8000 265 304 98.9 93.8 92.8
Comparative Catalyst (3) dilution 50 253 331 98.9 93.5 92.5
Example 10 (mixing ratio: 40 8000 268 318 98.7 93.3 92.1
volume %)/catalyst
(3) = 1000 mm/2000 mm
Example 8  Catalyst (4) dilution 50 254 315 99.4 94.7 94.1
(mixing ratio: 20 8000 262 299 99.2 94.8 94.0
volume %)/catalyst
(3) = 1000 mm/2000 mm
Example 9  Catalyst (4) dilution 50 256 321 99.3 95.0 94 .3
(mixing ratio: 20 8000 266 303 99.5 94.%8 94 .3
volume %)/catalyst
(3) dilution (mixing
ratio: 5 volume %) =
1000 mm/2000 mm
TABLE 8
Catalyst packing Reaction Selectivity  Yield of
method continuation  Reaction Hot spot Conversion of acrylic acrylic
(gas-inlet side — time temperature temperature  of acrolein acid acid
gas-outlet side) (hours) (° C.) (° C.) (mol %) (mol %) (mol %)
Comparative Catalyst (4)/catalyst 50 250 Hot spot temperature remarkably rose,
Example 11  (3) = 1000 mm/2000 mm SO reaction was given up.
50 245 334 99.0 92.9 92.0
8000 256 315 99.1 93.0 92.2
Comparative Catalyst (3) dilution 50 250 Hot spot temperature remarkably rose,
Example 12 (mixing ratio: 40 so reaction was given up.
volume %)/catalyst 50 245 346 98.8 91.7 90.6
(3) = 1000 mm/2000 mm 8000 257 320 98.7 92.0 90.8
Example 10 Catalyst (4) dilution 50 248 318 99.3 94.3 93.6
(mixing ratio: 20 8000 255 303 99.0 94.4 93.5
volume %)/catalyst
(3) = 1000 mm/2000 mm
Example 11  Catalyst (4) dilution 50 251 313 99.2 94.5 93.7
(mixing ratio: 20 8000 260 304 99.4 94.3 93.7
volume %)/catalyst
(3) dilution (mixing
ratio: 35
volume %)/catalyst
(3) = 800 mm/1100 mm/1100 mm
Example 12 Catalyst (4) dilution 50 250 315 99 .4 94.4 93.8
(mixing ratio: 30 8000 258 304 99.3 94.2 93.5

volume %)/catalyst
(3) dilution (mixing
ratio: 30

volume %)/catalyst

(3) = 700 mm/1100 mm/1200 mm
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TABLE 9
Reaction Reaction Hot spot Hot spot Yield
Catalyst packing Reaction temperature temperature temperature temperature of
method continuation of first of second of first of second Conversion Selectivity of acrylic
(gas-1nlet side — time reactor reactor reactor reactor of propylene acrylic acid acid
(gas-outlet side) (hours) (° C.) (° C.) (° C.) (° C.) (mol %o) (mol %)  (mol %)
Exam-  First Catalyst (2) dilution 50 306 249 382 315 98.0 88.5 86.7
ple 13  reactor (mixing ratio: 30
volume %)/catalyst
(2)/catalyst (1) =
700 mm/
1100 mm/
1200 mm
Second Catalyst (4) dilution 8000 314 256 390 306 98.1 88.2 86.5

reactor (muxing ratio: 23

volume %)/catalyst
(4)/catalyst (3) =
700 mm/

1100 mm/

1200 mm

INDUSTRIAL APPLICATION

The catalytic gas phase oxidation reaction of the present
invention 1s favorable when a catalytic gas phase oxidation
reaction with molecular oxygen or a molecular-oxygen-
contaiming gas by using a fixed-bed multitubular reactor
packed with catalysts 1s carried out.

Various details of the invention may be changed without
departing from its spirit not 1ts scope. Furthermore, the
foregoing description of the preferred embodiments accord-
ing to the present invention 1s provided for the purpose of
illustration only, and not for the purpose of limiting the
invention as defined by the appended claims and their
equivalents.

What 1s claimed 1s:

1. A catalytic gas phase oxidation reaction, which 1s a
catalytic gas phase oxidation reaction with molecular oxy-
gen or a molecular-oxygen-containing gas by using a fixed-
bed multitubular reactor packed with catalysts;

wherein:

a catalyst-packed layer of each reaction tube of the reactor
1s divided into at least two reaction zones in a tubular
axial direction; and

the packing of the catalysts 1s such that the occupation
volumes of the catalysts differ between at least two of
the reaction zones and that the catalysts are mixed with
an 1nert substance molding 1 at least one of the
reaction zones.

2. A catalytic gas phase oxidation reaction according to
claim 1, wherein the packing of the catalysts 1s such that the
occupation volume 1n a reaction zone nearest the gas-outlet
side 1s smaller than that 1n a reaction zone nearest the
gas-1nlet side.

3. A catalytic gas phase oxidation reaction according to
claim 2, wherein the packing of the catalysts 1s such that the
occupation volume becomes smaller in order from the
reaction zone nearest the gas-inlet side toward the reaction
zone nearest the gas-outlet side.

4. A catalytic gas phase oxidation reaction according to
claim 1, which uses at least one compound selected from the
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group consisting of propylene, 1sobutylene, t-butyl alcohol,
and methyl t-butyl ether as a raw material to produce an
unsaturated aldehyde corresponding to the raw matenial.

5. A catalytic gas phase oxidation reaction according to
claim 4, wherein the gas pressure at the gas outlet of each
reaction tube 1n the reactor 1s 0.15 MPa or more in absolute
pressure.

6. A catalytic gas phase oxidation reaction according to
claaim 1, which uses an unsaturated aldehyde as a raw
material to produce an unsaturated carboxylic acid corre-
sponding to the raw material.

7. A catalytic gas phase oxidation reaction according to
claim 6, wherein the gas pressure at the gas outlet of each
reaction tube in the reactor 1s 0.13 MPa or more 1n absolute
pressure.

8. A catalytic gas phase oxidation reaction according to
claim 1, which uses at least one compound selected from the
group consisting of propylene, 1sobutylene, t-butyl alcohol,
and methyl t-butyl ether as a raw material to produce an
unsaturated carboxylic acid corresponding to the raw mate-
rial.

9. A catalytic gas phase oxidation reaction according to
claim 8, wherein the gas pressure at the gas outlet of each
reaction tube in the reactor 1s 0.13 MPa or more 1n absolute
pressure.

10. A catalytic gas phase oxidation reaction according to
claim 1, wherein the 1nert substance molding 1s mixed with
the catalysts after the catalysts have been calcined.

11. A catalytic gas phase oxidation reaction according to
claim 1, wherein the 1nert substance molding 1s mixed with
the catalysts after the catalysts have been molded.

12. A catalytic gas phase oxidation reaction according to
claim 1, wherein the 1nert substance molding 1s mixed with
the catalysts after the catalysts have been rendered 1n a final
shape.
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